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“In nature nothing is created, nothing is lost,  

everything changes.”  

— Antoine-Laurent de Lavoisier  
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Abstract 

In the Himmerfjärden Bay a large excess of nitrogen over phosphorus in the discharge from a 

large sewage treatment plant (STP) has suppressed growth of diazotrophic cyanobacteria in its 

inner parts. Implementation of nitrogen removal in the STP in 1997 drastically reduced 

nitrogen load and triggered growth of diazotrophs, mainly Aphanizomenon sp. This study is 

part of a long-term series of experiments with the overall aim to test how algal biomass and 

production in a receiving area can be reduced, without stimulating nitrogen fixation and 

biomass growth by diazotrophic cyanobacteria. Nitrogen removal was discontinued in the 

STP during two years (2007-8) and resumed in 2009, and the discharge shifted from 25 to 10 

m depth, above the seasonal pycnocline. Cellular 
15

N showed that N2 was the most important 

N source for diazotrophic cyanobacteria, and that uptake of combined nitrogen was 

insignificant. As biomass was declining and at the end of the productive season, we could 

detect a small, but significant, increase in cellular δ
15

N at the inner bay stations (H3 and H4). 

However, this coincided with an increased proportion of Anabaena spp. of the total 

diazotrophic biomass. This may indicate that Anabaena spp. has a higher uptake of combined 

nitrogen compared with Aphanizomenon sp. or that declining populations of Aphanizomenon 

sp. take up combined nitrogen. We also found no evidence of uptake of combined nitrogen 

during the winter months when nitrogen supply is ample and Aphanizomenon sp. is devoid of 

heterocysts. During the first half of summer (week 21-27) heterocyst frequencies were higher 

at the outer stations B1 and H2, compared to the inner bay stations (H4 and H5). The lower 

frequencies at the inner bay stations are likely due to the reduced growth rate suffered by the 

Aphanizomenon sp. due to stronger competition for phosphorus by non-diazotrophs at these 

stations and hence lower need for heterocysts. Towards the end of summer conditions even 

out along the bay, as the surplus phosphorus from the spring bloom is used up at the outer 

stations and no heterocyst gradient is present. Heterocyst frequency varied significantly over 

the summer, with minimum values in the beginning of July, coinciding with the highest water 

temperatures, and higher frequencies in early and late summer. We suggest this is primarily 

due to a more efficiently functioning nitrogenase enzyme at high temperatures with a reduced 

need for “expensive” heterocysts. Spring heterocyst differentiation occurred around 4-6 weeks 

after depletion of dissolved inorganic nitrogen (DIN) and only when water temperature was 5-

9
 o
C and a pycnocline established. It seems that temperature and light in concert will initiate 

growth, leading to an internal nitrogen deficiency which starts heterocyst differentiation. 
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Aim of this Thesis 
 

This study was conducted as a part of a unique large scale experimental field experiment of 

the effects of changed N loading to the Baltic Sea coastal bay Himmerfjärden, aiming at by 

adaptive management provide a best practice for sewage treatment and effluent release. 

Nitrogen removal was discontinued in the sewage treatment plant (STP) over a two year 

period (2007-8) and was switched on again the third year (2009) when the effluent was 

injected into the mixed layer at 10 m depth instead of the previous 25m depth. Filamentous, 

diazotrophic cyanobacteria were collected along the nutrient, and 
15

N gradient, ranging from 

the STP discharge area to the open sea (Fig. 1), bi-weekly over three consecutive summers. 

Dataset 1 (2007-9, stations B1, H2, H3 and H4) includes nitrogen isotope data for seston and 

cyanobacteria, as well as their cellular nutrient concentrations, in addition to physical 

parameters, such as water nutrients, temperature and salinity. In Paper II, Dataset 1 was 

complemented by a larger dataset (Dataset 2) covering 1998-2011 and an additional 

Himmerfjärden Bay station (H5) as well as an open sea station (BY31, Fig. 1). Dataset 2 

includes heterocyst counts, nutrients, biomass and physical variables such as salinity and 

temperature. Heterocyst data (Dataset 2), as well as physical variables (Datasets 1 and 2), 

were made available by the Swedish national marine monitoring program (BY31 and B1) and 

from the Himmerfjärden STP environmental monitoring program (H2-H5). The aims were to 

clarify how heterocyst frequency of the ecologically important species Aphanizomenon sp. is 

regulated and to determine the regulation of nitrogen fixation by combined nitrogen, using a 

stable isotope approach.  

 

We tested the hypotheses that: 

a. Uptake of combined nitrogen will reduce nitrogen fixation in Baltic Sea bulk 

cyanobacteria (biomass primarily made up by Aphanizomenon sp.). 

b. Heterocyst frequency is determined by combined nitrogen availability. 

c. Diazotrophic biomass is reduced when inorganic nitrogen is injected into the mixed layer 

by competition for phosphorus with non-diazotrophic species. 
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Background 

 
 The study area – Both from an ecological, as well as a geological perspective, the Baltic 

Sea (BS) (Fig. 1) is unique. It is one of the largest brackish water basins in the world, 

developed from the Ancylus/Mastogloia Lake, about 8000 years ago, as the retreat of the 

inland ice allowed influx of saline Atlantic water (Rydén et al. 2003). The BS is shallow, with 

an average depth of 59 m and strongly stratified with a permanent halocline at 60-80 m and a 

summer pycnocline at 8-20 m obstructing mixing between layers (Walve 2002). Its deepest 

point reaches 459 m at the Landsort deep (BY31), south of Stockholm (Fig. 1). The Coriolis 

force causes the BS surface currents to circulate anti-clockwise. Weather driven saltwater 

intrusions from the Atlantic Ocean, result in up-wellings (Krauss and Brügge 1991). Water 

turnover in the deep basins is very slow. Brettar and Reinheimer (1991), report that between 

1977 and 1986, no major deep water exchange occurred in the Gotland Deep. Salinity ranges 

from 20 (psu) in Skagerrak to roughly 2-3 in the Bothnian Bay (Kullenberg and Jacobsen 

1981). This allows the co-existence of a variety of salt- and freshwater species. However, it 

has also resulted in a very species poor ecosystem where only species that are adapted to the 

salinity-stress survive. This makes the system sensitive to disturbances (Elmgren and Hill 

1997). 

 

 
 

Fig. 1: The Baltic Sea. The box represents Himmerfjärden bay, the experimental site for this thesis. The stations 

relevant for this study are marked with green circles and the sewage treatment plant (STP) with a red filled 

square. BY31 is the open sea reference station at the Landsort deep. 

S
T
P 
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Winter primary production in the BS is very low and land runoff of nutrients high due to 

the low nutrient uptake by land plants. This together with re-mineralization of nutrients in 

sediments and erosion of the halocline by deep mixing, results in a high nutrient availability 

in late winter prior to the spring bloom. Improved light conditions in spring, high nutrient 

concentrations and low zooplankton abundance along with turbulent waters, favors growth of 

non-motile diatoms (Sommer 1988). As the seasonal pycnocline forms, diatoms deplete 

nutrients, especially nitrogen, from the surface mixed layer, then eventually settle out and 

conditions become more favorable for vertically motile dinoflagellates, able to utilize deeper 

sources of nutrients (Heiskanen and Kononen 1994). The spring bloom is limited by nitrogen 

and as the N:P ratio drops, the conditions become more advantageous for nitrogen fixing 

(diazotrophic) cyanobacteria (Granéli et al. 1990). The cyanobacterial bloom reaches its peak 

in July-August when irradiances and water temperature are the highest and declines in 

August-October depending on weather, temperature and nutrient status (Walve 2002; 

Wasmund 1997; Wasmund et al. 2001). 

 

BS cyanobacterial species - The BS cyanobacterial blooms are usually assumed to be 

stimulated by the excess phosphorus present in the early summer (low N:P ratios) (Walve 

2002). The dominating species are the diazotrophic, heterocystous cyanobacteria Nodularia 

spumigena and Aphanizomenon sp. (Fig. 2; Granéli et al. 1990; Wasmund et al. 2001). 

Aphanizomenon sp. is considered non-toxic and N. spumigena toxic, the latter being included 

in the group of heterotrophic protists and autotrophic algae that are globally causing the so 

called Harmful Algal Blooms (HABs) (Sellner et al. 2003). N. spumigena and 

Aphanizomenon sp. (Fig. 2) dominate the cyanobacterial community in summer and can 

contribute to over a third of the total primary production (Stal et al. 1999; Stal and Walsby 

2000). Other cyanobacterial species, such as Anabaena spp. and picocyanobacteria are also 

present in the water mass over the year, but have not been observed to form these spectacular 

so called “blooms” (Sieburth et al. 1978; Wasmund et al. 2001). Aphanizomenon sp. can be 

found throughout the year, but at very low biomass during winter months (Laamanen et al. 

2005) and tend to bloom quite early in the summer (Walve and Larsson 2007). Contrary to N. 

spumigena which favors open sea conditions, it generally has higher biovolumes in the coastal 

regions. N. spumigena is virtually absent over the winter months (S. Hajdu, pers. comm.) and 

often blooms later than Aphanizomenon sp. (Walve and Larsson 2007). Additionally, N. 

spumigena usually has its biomass peak between 0-5 m while Aphanizomenon sp. biomass 

maximum can be around 10 m (Walve and Larsson 2007; Wasmund et al. 2001). They 

contain gas vesicles that regulate their buoyancy and remain at the depth where conditions are 

the most favorable (Walsby et al. 1995). 
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Bloom formation - Pigment, as well as stable isotope analysis, of sediment cores from the 

Baltic Sea suggest occurrence of cyanobacterial blooms in the Baltic Sea (BS) as far back as 

7000 B.P. (Bianchi et al. 2000). The first detailed records of cyanobacterial blooms in the 

Baltic Sea stem from the 19
th

 century (Karhu et al. 1994; Leppänen 1988). The presence of 

this phenomenon long before any major anthropogenic influence on the sea, suggest an 

important ecological role for these bloom forming organisms, particularly in adding nitrogen 

to the naturally oligotrophic Baltic Sea (Larsson et al. 2001). The BS of today is thought to 

have been eutrophied over the last century, mainly due to anthropogenic activities (Larsson et 

al. 1985). Many also believe that the cyanobacterial blooms have increased over this time-

span and that this increase is due to anthropogenic influence (Bonsdorff et al. 2002; Karhu et 

al. 1994; Laamanen et al. 2001). Nonetheless, it is very difficult to assess the strength of a 

bloom partly because of the spatial patchiness of distribution, but also due to the different 

depth distributions of the species. Also, due to its surface accumulations, Nodularia can cause 

a bloom with relatively low biomass due to its visibility to the naked eye (Niemistö et al. 

1989). Due to their diazotrophic mode, the cyanobacterial blooms add substantial amounts of 

nitrogen to the water before they collapse in mid-summer/early autumn. The added nitrogen is 

thought to support 30-90% of pelagic ecosystem net production in summer in the Baltic 

proper (Larsson et al. 2001). The total estimated nitrogen fixation in the Baltic Sea is equal to 

the total annual riverine input of nitrogen to the BS (Gulf of Finland not included), with an 

upper estimate of 480 Gg N year
-1

 (Larsson et al. 2001). The cyanobacterial bloom tend to 

collapse around the same time as the cell quota of C:P reaches their maximum, demonstrating 

phosphorus limitation of the bloom (Walve and Larsson 2007). 

 

The cyanobacterial life cycle - There are very few studies conducted on cyanobacterial 

development, a pity as the life-stages of these organisms are not only numerous, but also 

complex. Hense and Beckmann (2006) have attempted to model the general cyanobacterial 

life cycle. The model is based on cyanobacteria of the order Nostocales and can be 

summarized as such: In winter the mixed layer increases and nutrient concentrations are 

almost homogeneous in the water column. As spring arrives, heating cause a thermocline to 

form and phytoplankton growth is initiated. So called cyanobacterial “recruiting cells” rise in 

the water column having germinated from akinetes and containing gas vacuoles to aid their 

ascendance. Alternatively, vegetative cells are present in the water mass, over winter in a 

Fig. 2: Baltic Sea cyanobacteria N. spumigena (A) and Aphanizomenon sp. (B). Photos kindly provided 

by Dr. Helena Höglander, Department of Ecology, Environment and Plant Sciences, University of 

Stockholm. 

A 

B 
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fairly dormant state (Suikkanen et al. 2010). At the surface, light induces photosynthesis and 

their energy stores are replenished. As the phytoplankton spring bloom proceeds, nitrogen 

becomes depleted and the low N:P ratios favor diazotrophic growth, not only from a 

competitive point, but can also trigger the transfer from recruiting cells to filament forming 

vegetative cells (Hense and Beckmann 2006). Depletion of the intracellular nitrogen stores 

induces heterocyst formation and nitrogen fixation in some species (for a review see Adams 

and Duggan, (1999)). In mid-to late summer, the cyanobacterial bloom crashes, most likely 

due to phosphorus limitation (Walve and Larsson 2007). In autumn, temperatures and light 

intensities are dropping rapidly and conditions become unfavorable for cyanobacterial growth 

and the biomass declines further. These conditions also result in formation of akinetes, or 

resting spores, that due to their lack of gas-vacuoles, sediment from the photic zone. The 

conditions responsible for this transition can vary between species (Suikkanen et al. 2010). No 

Aphanizomenon sp. akinetes were found during the one year survey by Palinska and Surosz 

(2008). Nonethless, akinetes were observed for this species in this study, particularly in 2009 

(Zakrisson et al., unpubl.). In winter, the mixed layer depth increases again, though the 

cyanobacterial biomass remains very low (Hense and Beckmann 2006). Nonetheless, 

Aphanizomenon sp. can be found during the winter months, though with very small biomass 

and without heterocysts (Laamanen et al. 2005). Thus, for this species, there are mechanisms 

to keep some of the cells in a vegetative state despite low energy quota. N. spumigena is 

virtually never found in the water mass during the winter months (S. Hajdu pers. comm.). 

Hence, their life cycles seem to differ and generalizations are hard to make. 

 

Nitrogen fixation: regulation of heterocyst frequency - Nitrogen fixation is very energy 

demanding; 16ATPs are required per molecule dinitrogen fixed (Taiz and Zeiger 2002). It is 

irreversibly inhibited by oxygenation, a problem for cyanobacteria due to the oxygen evolving 

photosynthesis. Some filamentous diazotrophic cyanobacteria have solved this by containing 

nitrogenase in thick-walled heterocysts, lacking the oxygen evolving photosystem II 

(Stephens et al. 2003). Photosynthetic products are transported into the heterocysts and 

nitrogen assimilatory products out to the vegetative cells via plasmodesmata or a periplasm 

(Flores et al. 2006). Non-heterocystous diazotrophic cyanobacteria have developed alternative 

methods, for example Gloeothece temporally separates nitrogen fixation (in darkness) from 

photosynthesis (in light) (Stephens et al. 2003). It should be noted that heterocysts are 

terminally differentiated cells and that “fine-tuning” of nitrogen fixation over short time spans 

is more likely due to modification of nitrogenase activity (Hense and Beckmann 2006). Sanz-

Alférez and del Campo (1994), showed that heterocyst differentiation of N. spumigena strains 

M1 and M2 was insensitive to nitrate addition, though the cells were shown to take up nitrate. 

Nonetheless, N. spumigena strain AV1 did not take up nitrate nor did nitrate affect nitrogen 

fixation (Vintila and El-Shehawy 2007). On the contrary, Anabaena CA (ATCC 33047) 

heterocyst development was completely halted when exposed to external nitrate, both in the 

form of KNO3 and NH4NO3, but development was not halted when the cells were exposed to 

NH4Cl (65% of the heterocyst frequency observed when the cells were exposed to N2 as sole 

nitrogen source) (Bottomley et al. 1979). The cyanobacterial model systems: Nostoc 

punctiforme, Anabaena sp. PC 7120 and A. variabilis all experience reduced heterocyst 

frequencies in presence of ammonium or nitrate (Adams and Duggan 1999; Bothe 1982; 

Guerrero and Lara 1987). Hence, the adjustment of heterocyst frequency as a response to 

external nitrogen thus seems species- and maybe also strain dependent. Furthermore, not only 

nitrogen sources may influence heterocyst formation; low phosphorus availability coupled 

with low light intensities can hamper heterocyst formation in Anabaena flos-aquae 

(Thompson et al. 1994). Additionally, P-additions were shown to increase heterocyst 
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frequency in BS Aphanizomenon sp. (Lindahl et al. 1980). 

 

Nitrogen fixation: nitrogenase activity - Absence of ammonium and nitrate stimulated 

nitrogenase activity in the non-filamentous cyanobacterium Gloeothece (Stephens et al. 

2003). Also, less ammonium than nitrate needed to be added to the cells to reduce nitrogenase 

activity (Stephens et al. 2003). This agrees with the notion that it is energetically more costly 

to assimilate nitrate than ammonium (Flores and Herrero 1994). However, this effect seems to 

be species or strain dependent since Anabaena CA (ATCC 33047) has been found to react 

more readily to nitrate than ammonium in repressing nitrogen fixation (Bottomley et al. 

1979). N. spumigena strain AV1, isolated from the BS displayed stronger modulation of 

nitrogen fixation by ammonium than nitrate (Vintila and El-Shehawy 2007). Trichodesmium 

erythraeum (IMS-101) was found to strongly reduce nitrogen fixation in the presence of 10 

µM NO3
-
. Acetylene reduction was reduced to up to 70% (Holl and Montoya 2005). 

Furthermore, the N. spumigena strain BY1 was also found to be insensitive to nitrate in 

respect to growth and nitrogen fixation rates (Lehtimäki et al. 1997). Additionally, Stal et al. 

(1999), found diazotrophic bulk (mainly N. spumigena) cyanobacterial nitrogenase activity to 

be inhibited by sulfate.  

Stephens et al. (2003), also found that their Gloeothece-model behaved more stable when 

intracellular N:C quotas was considered main regulator of nitrogen fixation. Several studies 

suggest glutamine (Gln) as the main nitrogen regulator (Tanigawa et al. 2002). Anabaena 

variabilis formed heterocysts when growing on medium with Gln as sole nitrogen sources, 

but nitrogenase activity disappeared (Adams and Duggan 1999). Flynn and Gallon (1990) 

used internal Gln/Glu (glutamine/glutamate) to assess level of nitrogen stress in Gloeothece 

sp. Internal Gln/Glu ratio has also been indicated as a control mechanism for nitrogen fixation 

in Trichodesmium, probably through the regulation of nif expression (nitrogenase operon). 

Furthermore, the carbon product -ketoglutarate (an intermediate of the citric acid cycle) 

assimilated to form glutamate in the GS-GOGAT pathway, could also be a genetic trigger to 

regulate nitrogen fixation (Tanigawa et al. 2002). Capone et al. (1994), demonstrate a net 

efflux of some amino-acids as well as DON from the tropical cyanobacterium Trichodesmium 

thiebauteii. Furthermore, uptake of glutamate (Glu) and glutamine (Gln) has also been shown 

for this species, suggesting a symbiotic relationship with bacteria and protozoan leaking these 

amino acids (Capone et al. 1994). Ploug et al. (2010) also measured a large efflux of nitrogen, 

in the form of ammonium, from Aphanizomenon sp. cells. Thus, it might not be enough to 

look at the cyanobacterial cellular status of Gln/Glu to try to predict nitrogen fixation rates, 

but also at the total symbiotic N-status. Regulation of this energy demanding and nutritionally 

important process most likely varies across the species of cyanobacteria and may also vary 

between strains. They are after all specialized to respond to the environment around them and 

this environment is different not only geographically, but also temporally. It should be noted 

that no conclusive studies, with regard to the molecular mechanisms behind nitrogenase 

regulation, has yet been conducted for Aphanizomenon sp. 

 

Nitrogen stable isotopes - Nitrogen fixation results in 15
N-values of -2.7 to 1.2 ‰ in 

diazotrophs (Macko et al. 1987; Minagawa and Wada 1984), whereas denitrification and 

anammox reactions involves fractionation processes where light N2 is released to the 

atmosphere leaving remaining NO3
2-

, NO2
-
, NH4

+
 and biomass enriched in 

15
N (Altabet et al. 

1999). However, also the N2 released from these processes may be slightly enriched compared 

to atmospheric N2 (
15

N 0 ‰) (Devol et al. 2006). Atmospheric deposition will however 

supply light nitrogen (15
N-values of ~0 ‰), similar to the dinitrogen gas used in fixation 

(Rolff et al. 2008). Nitrogen of sewage or fertilizer origin in land run-off tends to be much 
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more enriched (Savage and Elmgren 2004). 

 

The Himmerfjärden eutrophication study - The algal growth of the BSp open waters are 

nitrogen limited while coastal areas may be phosphorus limited, primarily in its inner parts 

due to an excess/surplus of nitrogen in the load (Granéli et al. 1990). In the Himmerfjärden 

Bay a large excess of nitrogen over phosphorus in the discharge from a large sewage 

treatment plant (STP) has suppressed growth of diazotrophic cyanobacteria in its inner parts. 

Implementation of nitrogen removal in the STP in 1997 drastically reduced nitrogen load and 

triggered growth of diazotrophs, mainly Aphanizomenon sp. Nutrient and chlorophyll a 

concentrations as well as biomass of both diazotrophs and non-diazotrophs have thoroughly 

been monitored bi-weekly over the summer season and monthly over the winter since the 

implementation of nitrogen removal. The Himmerfjärden eutrophication study has resulted in 

a unique dataset that may provide greater understanding in how STP effluent should be 

treated and released into the water mass.  
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Materials and Methods 
 

 The area - A modern sewage treatment plant (STP) is discharging treated sewage (P-

reduction ~ 95%, N-reduction up to 90%) to the northern part of the bay (Fig. 1), at 25 m 

depth, creating a nitrogen gradient to the open sea. In summer, discharged treated sewage is 

trapped below a seasonal pycnocline at approximately 10 m depth. The STP nitrogen 

reduction was discontinued in 2007 and 2008. In 2009, nitrogen removal was resumed and the 

discharge point elevated to 10 m depth. In Paper I, four stations were sampled (B1, H2, H3 

and H4) in a gradient of decreasing nitrogen concentrations from the inner bay (station H4) to 

the reference station (station B1) in the outer coastal area (Fig. 1). In Paper II, six stations 

were analyzed: B1, H2, H3, H4 and H5, being the inner most station located in the proximity 

of the STP effluent release point. BY31 was also included in the analysis, an open sea 

reference station. Sampling was conducted from May until September each year. The Brunt-

Väisälä buoyancy frequencies were used to determine the stability of the water column 

accordingly: 

 

 

 

Where, 𝑝 is the mean density, 𝑔 is the gravity acceleration and  
  

  
  is the change in  

density per depth. 

 

Sampling - Cyanobacteria were sampled using vertical net hauls 0-10 m (90 m mesh 

size, 1 m long and 0.5 m diameter). Light traps were used to remove zooplankton from the 

samples. Buoyant cyanobacteria were collected and sorted from remnant zooplankton using a 

microscope and Pasteur pipette (Walve and Larsson 2007), to ensure that zooplankton 

enriched in 
15

N did not contaminate the samples. Additionally, samples were filtered (90 µm) 

and rinsed before analysis to reduce risk of contamination by non-diazotrophic phytoplankton 

that could cause sample enrichment. Seston (10 m) was collected by water sampling and 

was immediately run through a 10 m filter and pooled. This separated the filamentous 

diazotrophic cyanobacteria from the seston fraction to avoid contamination of the 
15

N-

depleted cyanobacteria. Beside detritus, seston consisted mainly of monads, small 

cryptophyceans and pico-cyanobacteria (single cells or in colonies). 

 

Biomass determinations - Cyanobacteria were sampled using a hose (inner  2.5 cm) 

with a valve at the upper and a weight at the lower end, from the surface down to 20 m 

(station B1) or 14 m (stations H2, H3 and H4). A 200 mL sub-sample of the well-mixed hose 

sample was preserved with 0.8 mL acetic Lugol’s iodine solution. Abundances were 

determined according to HELCOM (1988) guidelines. Counts were conducted on the whole 

Utermöhl chamber bottom using a Wildt M40 inverted microscope. Cell numbers were 

multiplied with species-specific mean cell volumes according to Olenina et al. (2006) to give 

biomass, assuming a density of 1 g mL
-1

. 

 

Heterocyst counts – Dataset 1 (2007-9, stations B1, H2, H3 and H4): Cyanobacterial 

colonies were collected with 90 m mesh sized nets that were vertically hauled between 10 m 

depth and the surface. The number of heterocysts of a minimum of 10 mm filaments was 

determined and heterocyst frequency reported as number per millimeter filament. Dataset 2 

(1998-2011, stations (BY31, B1, H2, H3, H4 and H5): Same collection procedure as for 

biomass determination. Heterocyst frequencies were determined simultaneously as biomass 

counts. The full sedimentation chamber was counted and then converted to heterocysts per 

𝑁 = −{
𝑔

𝑝

𝛿𝑝

𝛿𝑧
}
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mm filament length. Samples were taken within the frames of the Baltic Sea monitoring 

program. 

 

Stable isotopes - The per mil difference in isotope composition () between the samples 

and the standard reference material (atmospheric nitrogen [AIR]) was calculated using the 

equation by Peterson and Fry (1987): 

 

 (‰) = 
(                 )

         
        

 

Where,   =
   

   
           

 

Statistics - Statistics and data analysis were performed using R 2.13.2 (R Development 

Core Team 2011), RStudio Version 0.95.265 (
©

2009-2011 RStudio, Inc.) and Microsoft


 

Excel 2003. Nonlinear trends were analyzed by additive modeling using the mgcv package in R 

(Wood 2012). Thin plate regression splines were used to fit the data. To avoid overfitting, the 

number of knots were set to 4. Backward selection based on the Akaike Information Criterion 

(AIC) was used. Models were regarded as equally good when AIC differed with less than 3 

units (Burnham and Anderson 2004). In such cases, the least complex model was selected. 

Collinearity was detected by the Pearson product moment correlation coefficients (PCC). 

Variables with PCC<-0.5 and PCC>0.5 were considered collinear (Zuur et al. 2009). Statistica 

10, Copyright
©

 StatSoft inc. 1984-2011 and the lattice (Sarkar 2011), plotrix (Lemon 2006), 

ggplot2 (Wickham 2009) and plyr (Wickham 2011) packages in R were used for graphics. 
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Results and Discussion 
 

Paper I: Effects of Combined Nitrogen on Abundance and Nitrogen Fixation of 

Baltic Sea Cyanobacteria 

 

External nutrients and cyanobacterial biomass - In 2009, nitrogen removal was resumed 

and the discharge point was shifted from 25 to 10 m depth, above the seasonal pycnocline. The 

discharge contained a substantial excess of nitrogen (mainly inorganic nitrogen) relative to 

phosphorus in all years. We propose that injection of treated sewage directly into the mixed 

layer, allow nitrogen-limited non-diazotrophs to out-compete diazotrophs for phosphorus, 

resulting in a growth suppression of filamentous cyanobacteria, despite the resumed nitrogen 

removal in the STP. However, final conclusions have to await our ongoing replication since 

variability between years can be substantial.  

Stable isotopes in seston and cyanobacteria – In the beginning and mid-summer (week 

21-31) and despite increasing up-the-bay gradients of TN, DIN and 15
N in seston (15

Nses) 

(Paper I: Figs. 2 and 5; Fig. 3; TN: F3,82=101, p<0.0001; DIN: Sign test with paired stations 

see Paper I, 15
Nses: F3,85=120.4;  p<0.001; Tukey hsd post hoc test p<0.05) the latter 

indicating a steep and persistent increase in 15
N in combined nitrogen towards the inner parts 

of the bay, we found no significant enrichment in cyanobacterial 15
N (15

Ncy) towards the 

inner part of the bay (mean 15
Ncy = -1.4, -1.5, -1.5 and -1.3 for B1-H4), indicating no uptake 

of combined nitrogen for most of the season. This suggests a similar nitrogen fixation rate per 

biomass of filamentous diazotrophs (Aphanizomenon sp. dominated) for most of the 

productive season, irrespective of substantial differences in DIN availability. In mid- to late 

August, we observed slight cyanobacterial enrichments at all stations and particularly at 

station H4 (also observed in 2001: Höglander (2004)). The enrichment was not due to 

aufwuchs bacteria. The possibility of an uptake of combined nitrogen by Aphanizomenon sp. 

cannot be excluded, but the enrichment may also be caused by the build-up of Anabaena spp. 

biomass at this time of summer at all stations (Paper 1: Table 3). Anabaena spp. has been 

shown to take up nitrate as well as ammonium (Bottomley et al. 1979), potentially explaining 

the synchronous development of 15
Ncy at all stations. The extremely elevated 15

N- values in 

cyanobacteria at station H4 in week 35-37 (Paper 1: Fig. 11; also observed in 2001 by 

Höglander (2004)) coincided with a weakening of the pycnocline and up-mixing of combined 

nitrogen, into the surface layer. It is possible that the senescent cyanobacterial populations 

take up the available ammonium, causing this enrichment.  

Even overwintering Aphanizomenon sp. filaments, collected in spring in the open 

Baltic Sea Proper and devoid of heterocysts, had 15
N-values close to those recorded during 

maximum cyanobacterial growth in summer. Despite the long preceding winter, the formation 

of new heterocysts in mid-spring hardly changes the already low filament 15
N. This indicates 

that little or no combined nitrogen is taken up by overwintering filaments, suggesting either 

continued nitrogen fixation at low rates to supply basic metabolic needs, despite an absence of 

heterocysts and an ample availability of combined nitrogen, or utilization of fixed nitrogen 

stores. 

15
N in seston - All stations showed a similar seasonal pattern in 15

N in seston, with 

gradually lighter 15
N, declining from the high values in May, to a minimum in August 

(around week 33) (Paper 1: Fig. 11, F1,85=11.4;  p<0.01). The spring bloom leaves the water 

mass depleted in dissolved inorganic nitrogen. Hence, the phytoplankton nitrogen demand is 

increasingly supplied from regenerated and depleted ammonium, due to the increase in 

secondary consumers biomass, which generally reaches its maximum in July/August 

(Johansson et al. 2004). Nitrogen limitation persists all summer (Granéli et al. 1990), causing 
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seston to gradually become lighter as nitrogen is built into biomass. In addition, seston 15
N 

will become further depleted by leaked fixed nitrogen from the cyanobacteria (Rolff 2000). A 

simple calculation according to (Fry 2006) using the average bulk seston mass and 

cyanobacteria biomass at the minimum and two weeks before and 15
N in cyanobacteria and 

seston from two weeks before the minimum and a time step of one day to calculate 15
N in 

seston at the minimum, indicated it to be realistic to assume a significant impact of 

cyanobacteria on 15
N in seston. 

 
Fig. 3: Mean (SD) 15

N in seston and cyanobacteria from mid-May to September 2007-9 at stations B1-H4. 



16 

 

Paper II: Regulation of Heterocyst Frequency by External Nutrients in Baltic Sea 

Aphanizomenon sp. 

Summer heterocyst differentiation – Combined nitrogen generally has a negative effect 

on heterocyst frequency, but responses vary both in strength and with nitrogen species 

(Bottomley et al. 1979; Fogg 1949; Sato and Wada 1996).  

Due to the rapid uptake of DIN by the nitrogen limited spring bloom, it is mostly close 

to the detection limit in summer (Paper I: Fig. 5). It is consequently not a reliable estimate of 

available nitrogen. TN is a better proxy as it includes all bioavailable nitrogen. Regenerated 

nitrogen is the dominating source of ammonium in summer. Despite the strong along the bay 

TN gradient (Paper I: Fig. 2), differences in heterocyst frequencies were only found between 

the outer (B1 and H2) and inner bay stations (H4 and H5) in the first part of summer (week 

21-27; Dataset 2; F5,226=4.60, p<0.001: Tukey hsd p<0.05) but not in the last part (week 29-

37; ANOVA). Since temperature was similar at stations H2-H5 (Paper II: Fig. 7; ANOVA) it 

is unlikely to contribute substantially to the lower heterocyst frequency at stations H4 and H5.  

 In the open Baltic (BY31) the spring bloom is severely nitrogen limited, leaving a 

substantial fraction of the dissolved inorganic phosphorus (DIP) to the summer diazotrophic 

blooms (Larsson et al. 2001). The left over phosphorus gradually decrease when approaching 

the coast and particularly around the nitrogen rich discharge from the Himmerfjärden STP 

(Larsson et al. in prep.). The low and similar heterocyst frequency at all stations from mid-

July (~week 29) coincided with depletion of Pcell. The increase in heterocyst frequency in late 

autumn often paralleled an increase in cell P content (Paper II: Figs. 2 and 4). We suggest that 

the lower heterocyst frequency near the sewage outlet, in the beginning of summer, is due to 

the surplus of combined nitrogen over phosphorus in the discharge that increase the 

competition for phosphorus by non-diazotrophs, and consequently lower the Aphanizomenon 

sp. growth rate and hence the need of heterocysts.  

We observed the lowest heterocyst frequencies at the highest temperatures (around 

week 31-33) (Fig. 4) when δ
15

N was low (Paper I), indicating well-functioning heterocysts 

and low or no uptake of combined nitrogen. The nitrogenase enzyme has been shown to 

function more efficiently at higher temperatures (Compaore and Stal 2010). Hence, there 

would be a decreased need for “expensive” heterocysts with increasing temperatures. Very 

high heterocyst frequencies (4-5 het mm fil
-1

) only occurred at temperatures below 18 ºC (Fig. 

4).  

Spring heterocyst development – It took over-wintering Aphanizomenon sp. filaments, 

in the nitrogen depleted water column, around 6 weeks to develop heterocysts. Differentiation 

did not occur until water temperature was 5-9 
o
C, and a summer pycnocline established. 

Clearly nitrogen depletion is not the only signal regulating differentiation of heterocysts. A 

stabilization of the water column will reduce the mixing depth and increase light harvesting, 

suggested by Stal and Walsby (2000) to be the prime driver of blooms. Thus, it seems that 

temperature and light in concert will initiate growth, leading to an internal nitrogen deficiency 

which starts heterocyst differentiation.  
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Fig. 4: Heterocyst frequency versus temperature with fitted line and 95 % confidence bands (Data from stations 

BY31, B1, H2, H3, H4 and H5, 1998-2011, Dataset 2). Equivalent degrees of freedom=2.95, n=646, F=80.5, 

α=2.45, r
2
=0.30, p<0.0001). 
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